High-order harmonic spectroscopy allows one to extract information on fundamental quantum processes, such as the exit time in the tunneling of an electron through a barrier with attosecond time resolution and molecular structure with angstrom spatial resolution. Here, we study the spatial motion of the electron during high-order harmonic generation in an in situ pump-probe measurement using highdensity liquid water droplets as a target. We show that molecules adjacent to the emitting electron-ion pair can disrupt the electron's trajectory when positioned within the range of the maximum electronic excursion distance. This allows us to use the parent ion and the neighboring molecules as boundaries for the electronic motion to measure the maximum electronic excursion distance during the high-order harmonic generation process. Our analysis of the process is relevant for optimizing high-harmonic yields in dense media.
I. INTRODUCTION
Light-matter interaction in the strong-field regime discloses a broad range of quantum phenomena [1] . When the electric field strength of the incident light reaches the magnitude of the atomic or molecular Coulomb field, the potential is distorted and an electron may tunnel through the resulting barrier [2, 3] . The released electron is accelerated upon tunnel ionization and can recombine with its parent ion by emitting a harmonic photon. This extremely nonlinear process is known as high-order harmonic generation (HHG) [4] [5] [6] [7] , and allows us to extract information on fundamental quantum processes, such as the tunneling of an electron through a barrier [8] or molecular properties [9] [10] [11] [12] [13] with attosecond time resolution [14] and angstrom spatial resolution [15, 16] . The temporal characterization of the HHG process has been studied intensively, in particular, concerning the ionization and recombination times [8, [17] [18] [19] [20] [21] [22] . While the tunnel ionization and the recombination are quantum-mechanical effects that result in deviations from a semiclassical description of HHG [8] , the electronic excursion in the continuum can still be treated semiclassically by assigning a different classical trajectory to every time of ionization [4] , leading to similar results as quantum trajectories [17, 18, 23, 24] for the maximum electron excursion distance from the parent ion. However, the spatial propagation of the electron in real space and possible perturbations to the electronic trajectory were only supposed [25, 26] and are still little explored. This is especially of interest regarding recent experiments in high-density targets with long driver wavelengths [27] where the electron may be scattered on its excursion by an adjacent atom, which is a previously unnoticed effect. High-harmonic spectroscopical measurements of the dissociation process in molecules indicate indeed that the amplitude of the emitted radiation is highly sensitive to atoms close to the parent ion [28] .
We apply a high-density target to place a molecule within the electron's trajectory, which can induce a severe distortion to HHG, resulting even in the extinction of the emission process. This approach enables us to use the HHGgenerating medium itself for the measurement of the maximum electronic displacement during HHG, where the parent ion serves as a lower limit while the neighboring molecule serves as a soft upper limit. We reveal the spatial electronic excursion and are able to confirm the legitimacy of the semiclassical treatment of the electron on its excursion by comparing the extreme-ultraviolet (XUV) radiation emitted during this process with the calculated trajectories.
II. MICROSCOPIC DYNAMICS IN THE MEDIUM
In order to determine the relevant distance between the parent ion and the adjacent molecule for inducing a perturbation, the electronic motion is calculated in the semiclassical picture. Newton's equation of motion is solved for an electron driven by the force of the laser field. As a result, the ionization time t i , the recombination time t r , and the return energy of the electron E r are obtained for every photon energy of the harmonic radiation, which allows a temporal characterization of the electron dynamics during the HHG process [4] . The trajectories leading to the emission of harmonic radiation are depicted in Fig. 1(a) . The length of the trajectories depends on t i , and one can distinguish the trajectories by the time spent within the continuum into the cutoff, the short and the long trajectory. The cutoff trajectory results in the largest energy release of E cutoff ¼ I p þ 3.17U p [4] , where I p is the ionization potential of the target atom and U p is the ponderomotive potential of the driving field. The short and the long trajectory emit equal photon energies. However, they vary in their maximum excursion from the parent ion x max , which is on the angstrom level.
The difference in x max gives the opportunity to follow the electronic movement, and to selectively probe the trajectories by reducing the distance between the particles in the target medium and thus inducing a possibility for a perturbation. Hence, we can use the molecule in the path of the electron to suppress the recombination step with the generating medium itself and measure x max by observing the decrease of the emitted radiation. The long trajectories have a larger value of x max and are therefore perturbed earlier as the distance between the ion and the adjacent molecule is reduced, subsequently followed by the cutoff and the short trajectories. The maximum electronic excursion depends on two parameters: the trajectory and the intensity of the driving field I, which we discuss in the following.
For a given harmonic order, we may consider generation at the position in the laser intensity profile, where this harmonic order is generated via the cutoff harmonic. The application of the cutoff law [4] enables us to express x max as a function of the harmonic order. As indicated by the solid blue line in Fig. 1(b) , the maximum displacement for HHG via the cutoff trajectory increases with the harmonic order. When a given harmonic order is generated at an intensity above its cutoff intensity, then this harmonic order is situated within the plateau region; i.e., it is generated via short and long trajectories [5] . As a consequence, x max is increased for long trajectories while it decreases for short trajectories as a function of intensity (see Supplemental Material [29] ). The color scale in Fig. 1(b) indicates the change of x max for the short trajectory contributing to a specific harmonic order. From here on we concentrate on the short trajectories, since we select them in our experiment due to its lower value of x max . An increase in the intensity of the driving field (from blue to white) equals a change of the generating quantum path (from the cutoff into the plateau), reducing x max . For example, an increase of the peak intensity from
14 W=cm 2 leads to a reduction of x max from 1.04 nm (cutoff trajectory, dashed black line) to 0.65 nm (b) Calculated range of maximum electron displacement as a function of harmonic order. The blue solid line indicates the displacement along the cutoff trajectory. As the driving intensity increases, the maximum excursion of the electron contributing to a fixed harmonic order decreases (color scale) since the harmonic shifts from the cutoff into the plateau region, and the process occurs via the short quantum path. (c) Mean interparticle distance versus target density (solid red line). Comparing (b) and (c) allows us to determine the maximum tolerable density of the target, upon which a perturbation of electronic trajectories sets in and the HHG process is suppressed. Depending on the trajectory, two values are obtained: ρ c (dashed black arrow exemplarily for the 21st order) for the cutoff, and a lower, intensity-dependent value for the short trajectory ρ s (dashed red arrow).
(short trajectory, dashed red line) for the 21st harmonic order. Thus, we can control the maximum displacement of the electron contributing to a specific harmonic order by tuning the intensity of the driving field. With this approach, we obtain two values for x max for each harmonic order, which define an intensity-dependent range of the displacement for each harmonic order: the first one for HHG via the cutoff trajectory, which is an upper limit, and a second value corresponding to the actual laser peak intensity.
As we show above, the range of x max is within the angstrom scale. In order to induce a perturbation to the electronic trajectories, the distance between two particles in the target must be comparable to x max . HHG, however, is performed in a macroscopic ensemble with many particles and differing distances. We therefore consider the mean interparticle distancer ¼ ffiffiffiffiffiffiffi ffi 1=ρ 3 p to account for the macroscopic aspect [30] and to obtain an experimentally accessible measure for the onset of the perturbation: the number density ρ as depicted in Fig. 1(c) . A comparison between x max andr enables us to map the maximum displacement onto a maximum tolerable target density. Two density limits are obtained for each harmonic order, the first for the cutoff trajectory ρ c (dashed black line in Fig. 1 exemplarily for the 21st harmonic order) and the second, intensitydependent value for the short trajectory ρ s (dashed red line). Within the target, however, the distance between the molecules deviates from the average valuer. We therefore take the statistical probability into account that the electron on its trajectory encounters a water molecule, which can be formulated when information on the electron-molecule scattering cross section is available. The probability p for an electron to remain undisturbed along its trajectory is
where U p is the ponderomotive potential, α T ð2U p Þ −0.1 considers the energy-dependent electron-molecule cross section [31] , m e is the mass of the electron, ω L is the frequency of the driving field, and τ i ¼ t i ω L is a measure for the ionization time t i in a time-dependent electric field of the form EðtÞ ¼ E 0 sin ðω L tÞ, where t i must be chosen in the quarter cycle ½−π=ð2ω L Þ; 0 (cf. Supplemental Material [29] for details). Equation (1) scattering volume V scat of the electron, which is for the short trajectory within the order of V scat ≈ 10 −22 cm 3 . We implement the probability p into a macroscopic model for the calculation of the signal S q of the qth harmonic order [32, 33] , where phase-matching aspects are considered by the coherence length. This allows us to study the coherent XUV buildup as a function of the target density beyond pure phase matching.
III. EXPERIMENTAL CONFIRMATION OF THE MODEL
In order to experimentally satisfy the requirements of a high-density target with a spatial confinement, we use a liquid water-droplet setup under vacuum conditions as a target for HHG [34] (cf. Fig. 2 ). For generating harmonic radiation from targets with tunable density, we focus intense laser pulses with a central wavelength of 780 nm and a pulse duration of 35 fs in a pump-probe setup onto the 15-μm-sized water droplets. The pump pulse therein makes the droplet expand through a laser-induced optical breakdown [35] in a way that the target's composition is dominated by neutral water molecules with a total ionization below 10% (cf. Supplemental Material [29] ). The pump pulse does not contribute to HHG due to the high density of the target, meaning that the harmonic radiation is solely generated by the probe pulse. We select the short trajectory by phase matching via the focal position [36] and measure the harmonic spectrum as a function of the pumpprobe delay t. In order to determine the density of the target, we apply a model from plasma physics to calculate the density as a function of t [34] . The model allows us to map t onto ρ (see Supplemental Material [29] ), such that we obtain access to the harmonic yield as a function of the density of the target, reaching from 3.35 × 10 22 cm −3 to 1 × 10 17 cm −3 [cf. Fig. 2(d) ]. Since the densities available with the liquid droplet are sufficiently high to provide mean interparticle distances matching the electronic excursion, we are able to experimentally test the model for the maximum tolerable density. Figure 3 (a) depicts the normalized experimental spectra of the harmonic radiation for different densities. The water droplet is expanded with an intensity of the pump pulse of I pump ¼ 4.5 × 10 14 W=cm 2 . In order to generate the presented harmonic orders via the short trajectory, the intensity of the probe pulse has been set to I probe ¼ 1.4 × 10 15 W=cm 2 . At high densities, no harmonic radiation is emitted, but the signal increases as the density is lowered and higher orders successively appear. A more detailed study is given in Fig. 3(b) , which depicts an outline of the density-mapped signal of the 19th harmonic order for a larger density range. It is compared with two simulations, the first excluding (gray line) and the second including (blue line) the possibility of electron-molecule scattering. At low densities, the probability for a perturbation of electronic trajectories is small. Thus, the signal increases as a function of the density. After reaching a maximum, a decrease is observed until a density of ρ ≈ 2 × 10 19 cm −3 is reached. This decrease can be attributed to the onset of reabsorption of the XUV radiation. For higher values of ρ, the calculation without scattering of trajectories (gray line) shows an almost constant, slowly decreasing signal, whereas the simulation including the trajectory perturbation (blue line), in agreement with the experimental data (blue dots), shows a coinciding fast decrease. This discrepancy clearly demonstrates the influence of neighboring molecules on an electron moving in the continuum. When the perturbation is excluded (gray line), the almost constant signal can be traced back to an increase of the reabsorption at higher density, which is compensated by a higher number of emitters (see Supplemental Material [29] ). If the perturbation is included (blue line), the distortion of electronic trajectories becomes more probable with increasing density [cf. Eq. (1)], which leads to a decreasing signal. The , and 27th order, respectively (blue dots). The signal increases for low densities. A loss in the signal of the harmonic radiation is observed for increasing density due to a higher probability of a perturbation of the electronic trajectory by an adjacent molecule. The measured data are compared with a calculation of the harmonic signal as a function of the density for two cases: including (blue line) and excluding (gray line) a perturbation of electronic trajectories. All trajectories are perturbed for densities ρ s corresponding to the excursion distance of the short trajectory, and no harmonic radiation is emitted (red area). Since x max increases as a function of the harmonic order, ρ s shifts towards lower values with increasing harmonic order. same observation is made for higher orders, as depicted in Figs. 3(c) and 3(d) for the 21st and the 27th order, respectively. The model accurately describes the observations made in the experiments. For benchmarking the simulation, we apply our model to recent findings of HHG in a high-density helium target with mid-IR driver pulses [27, 37] . Our calculations for the latter case indicate that the distortion of electronic trajectories by other He atoms is of minor influence because the total cross section for electron-helium collisions is smaller than the electron-water cross section (cf. Supplemental Material for details [29] ).
The HHG process breaks down for densities ρ > ρ s [red area in Figs. 3(b)-3(d) ], which is the density limit derived in Fig. 1 . The disappearance of the harmonic radiation is confirmed by the comparison with the spectra in Fig. 3(a) , where the harmonic peak structure is lost for densities ρ > ρ s . Because of the increase of the electronic displacement as a function of the harmonic order, the trajectories attributed to higher orders are perturbed at a lower density. This makes higher orders the ideal instrument to probe the maximum electronic displacement, as shown in the case of the 27th harmonic order in Fig. 3(d) . The measurements confirm the model for the perturbation of electronic trajectories, and we can use the neighboring molecules to confine the emission process and to measure the maximum electronic displacement x max .
IV. STEERING ELECTRONIC TRAJECTORIES
Furthermore, we are able to directly manipulate the electronic excursion with the intensity of the driving field. Since the displacement of the electron contributing to a certain harmonic order becomes smaller as we increase I probe , we can select a fixed target density of ρ ¼ ρ s and expect a change of the emission process from incoherent to coherent emission of radiation as I probe increases. To this end, Fig. 4(a) shows the spectra of harmonic radiation as a function of the intensity of the probe pulse at a density of ρ ¼ 2.5 × 10 21 cm −3 . At an intensity of
15 W=cm 2 , harmonic radiation is detected up to the 21st order, although I probe is sufficiently high to generate higher orders. However, the target is dense enough to disable HHG for the higher orders (red area), which we can attribute to the perturbation of the short trajectories. The absence of higher orders also allows us to exclude contributions from lower orbitals of the water molecule, such as HOMO-1 and HOMO-2 [38, 39] , since their higher ionization potential shifts x max towards lower values and, therefore, would allow HHG in the red area. As we increase I probe , the maximum electronic displacement is reduced, such that higher orders up to the 29th order consecutively appear.
Applying the semiclassical model, the change of the intensity from 0. Following the attosecond electronic dynamics by tuning the intensity of the driving field is therefore possible, and we are able to probe x max via I probe or by controlling ρ. Hence, we combine both parameters in Fig. 4(b) to get a full picture of the observation and control of the electronic excursion. We measure the signal of the 29th harmonic spectral line since it has the largest value of x max . As already observed in Fig. 3 (red area), the signal vanishes for ρ > ρ s (dashed red line) and at intensities below 0.4 × 10 15 W=cm
2
. We can switch on the corresponding trajectories either by increasing the driving intensity or by decreasing the target density. FIG. 4 . Controlling the electronic excursion with the driving intensity. (a) Spectra of harmonic radiation as a function of the intensity of the probe pulse for a fixed density of the target. No harmonic radiation is observed within the red area, where the electronic displacement is larger than the mean interparticle distance. The displacement is reduced with increasing intensity, and the emission process turns from incoherent to coherent. (b) Signal of the 29th harmonic order as a function of the target density and the intensity of the driving pulse. A perturbation of the trajectories becomes more probable for densities higher than the position of the maximum in intensity. Again, no harmonic radiation is detected for densities and intensities where the electronic excursion matches the mean interparticle distance assigned to the short trajectory (ρ > ρ s , dashed red line).
V. CONCLUSION AND OUTLOOK
The presented method enables the spatial observation of attosecond electron dynamics. By introducing a perturbation to the electronic trajectories during HHG with adjacent molecules, we can probe the displacement and verify the semiclassical treatment of the electron during its excursion [4] . Moreover, we are able to switch trajectories on and off, which allows us to observe subcycle dynamics during the light-matter interaction and opens a possible route to control the intrinsic attochirp of HHG [18] . Apart from phase-matching-determined HHG, we find a high-density regime that is relevant for optimizing the HHG process [27, 33] . High-density targets are especially interesting as they feature new possibilities for attosecond physics [13, [40] [41] [42] [43] [44] [45] [46] [47] . The droplet offers the possibility to study attosecond dynamics [48] of different microscopic states, such as atoms, molecules, and clusters [49] [50] [51] in a single experiment with surpassing accuracy. Our method has the potential to fully characterize the HHG process in a single setup, when combined with a measurement of t i , t r , and E r in a two-color, in situ experiment [8, 19] , and may even open a new route to the generation of isolated attosecond pulses by confining the emission process to a single event by the medium itself.
